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INTRODUCTION 
The objec t ives  of the  current  research program sponsored under 
NASA grant  NGR-47-004-051 w a s  t o  study t h e  d u c t i l e  f r a c t u r e  of polymers 
both a n a l y t i c a l l y  and experimentally. 
course, was t o  gain some ins igh t  i n t o  t h e  d u c t i l e  behavior of polymers, 
o r  more pa t i cu la r ly ,  t he  d u c t i l e  f a i l u r e  and/or f r a c t u r e  af polymers. 
Very l i t t l e  information about d u c t i l e  f r a c t u r e  of polymers e x i s t s  i n  the  
l i t e r a t u r e  i n  cont ras t  t o  t he  r e l a t i v e l y  l a rge  body of information t h a t  
exists €or the b r i t t l e  f r a c t u r e  of polymers. [l] 
The reason f o r  t he  study, of 
Polycarbonate (lexan) was 
fts unique d u c t i l i t y  proper t ies  and 
is very s i m i l a r  td t h a t  a f  mild-law 
se lec ted  f o r  this study because of 
because its s t r e s s - s t r a i n  behaveor 
carbon steel. Other reasans for fts 
se-tection w e r e  its high b i re f r igence ,  and because sane informat€on about 
€ts prope r t i e s  ex is t  in t h e  l i t e r a t u r e  [2,3,4,5]: &IUS p r o v i a n g  a Basis 
olf cmiparison, 
The experimentaf aspects aE the program represent  a f a g i c a l  
extensian to tMs authors earlier work an the d u c t i l e  f r a c t u r e  aE pdy- 
cazrbonate [41. 
ducale f r a c t u r e  could be appl ied t o  polycarbanate [4’ f - .  Mieasurerneat af 
.-. 
In &is work ft was sham that the Dugdale theory af 
p l a s t i c  zone s i z e s  and crack opening d%splacenents cmpared favorably 
with Dugdale’s theory f o r  t h e  case of a tensile s t r i p  with a centra1 crack 
2 
-_ . 
loaded under plane stress (mode I) conditions.  
t -  
The var ious experimental phases t o  be inves t iga ted  i n  t h e  
current  program include: 
I. 
2. 
3. 
4 ,  
The measurement of the  p l a s t i c  zone s i z e  and s t r a i n  energy 
r e l e a s e  rates as a funct ion of  thickness,  strain rate and 
temperature e 
Making microscopic photoe las t ic  photographs of t h e  y i e ld  
zone and concurrent measurement of thickness  changes i n  
t h e  y i e ld  zone. 
Measurfng the  s i z e  and shape of t he  p l a s t i c  zone when t h e  
a x i s  of t h e  crack i s  ro t a t ed  with respec t  t o  t he  axes of 
arthotropy. 
Careful measurement of or thot ropic  proper t ies .  
Progress i n  i t e m s  two and four  are now nearly complete and w i l l  he  reported 
b r i e f l y  i n  the  subsequent sect ion.  ' R e s u l t s  on i t e m s  one, th ree ,  and 
four  are an t ic ipa ted  i n  t h e  near fu ture .  
The a n a l y t i c a l  phase of the  program, which cons is t s  of incorpo- 
r a t i n g  thickness changes i n t o  the  der iva t ion  of strain energy release 
rates and the extension of k g d a l e ' s s o l u t i o n  f o r  d u c t i l e  f r a c t u r e  to 
fnclude general  anisotropy., a r e  cur ren t ly  under way w i t h  t he  latter 
nearing completion. 
with a more de t a i l ed  repor t ing  t o  Ere made a t  a later date.  
These aspects  w i l l  only be repar ted  b r i e f l y  here 
was assumed t o  be i s o t r o p i c  [2,31, Bowever, fQrinson has indica ted  t h a t  
the same material, as suppl ied by some manufactures, is sLight ly  ortho- 
t r o p i c  and t h a t  t he  degree of or thotrapy w a s  approximately Ey/Ex=l,I-1:.2 
fo r  the material used i n  reEerence 143. Thus, in i t ia l ly ,  tests w e r e  
3 
conducted on remaants of t h e  same batch as used i n  reference [ 4 ]  t o  
determine the  degree of orthotropy. These t e n s i l e  tests w e r e  performed 
wi th  the  a i d  of an MTS t e s t i n g  system ope ra t ed . a t  a constant  e longat ion 
rate of .025in/min. S t r a i n s  were measured wi th  an opt roa  o p t i c a l  t racking 
system. The r e s u l t s  of seven separa te  stress-strain tests on th ree  
coupons taken p a r a l l e l  t o  t h e  r o l l  d i r e c t i o n  (s t rong d i rec t ion)  of t h e  
material and four  coupons taken perpendicular t o  the  r o l l  d i r e c t i o n  
(weak d i r e c t i o n )  are summarized below i n  TABLE I. 
: .  
\ 
TABLE I 
P r inc ipa l  Orthotropic  Moduli of Polycarbonate 
E& 
(Modulus t ransverse  t o  r o l l  d i r ec t ion )  
"rrl 
(Modulus i n  r o l l  d i r ec t ion )  
343,000 p s i  277,000 p s i  
352,000 p s i  305,000 p s i  
350,000 p s i  280,000 p s i  
----------- 309,000 p s i  
average 348,000 p s i  293,000 p s i  
As can be  seen  the  degree of or thotropy is  E,/Ek=1.19 and i s  c lose  t o  
/ t h e  expected value. - 
I n  any l i n e a r  elastic o r tho t r ap ic  ana lys i s  four  material para- 
meters must be measured i n  c o n t r a s t  t o  only two parameters which are 
needed i n  the l i n e a r  e las t ic  i s o t r o p i c  case. The s imples t  four  t o  
measure are E, , E,, FtG and/&, 
of e l a s t i c i t y  an 
where E and E, are p r i n c i p a l  moduli , 
tandflgl are t h e  p r i n c i p a l  Poison's rates of a 
material (see reference [6]). Unfortunately, t h e  test previously 
mentioned i n  obtaining t h e  d a t a  i n  TABLE I exhausted t h e  supply of 
material contained i n  t h a t  p a r t i c u l a r  batch.  
ordered and t e s t ed .  
Thus, more materia1 w a s  
Tens i le  tests w e r e  conducted on the new ba tch  of 
4 
material and no s i g n i f i c a n t  orthotropy w a s  found. Apparently, i n  t he  
three years  between the  purchase of the two separa te  batches of materials, 
: -  
t h e  manufacturing process had changed i n  such a way t h a t  the  r o l l  direc- 
t i o n  of t h e  material could not  be discerned, A t  t he  present  t i m e  tests 
are being conducted t o  a s s e r t a i n  i f  i t  is  poss ib le  t o  o r i e n t  t h e  molec- 
u l a r  s t r u c t u r e  of the  material by s t r e t ch ing  a t  high temperatures. 
t h i s  way i t  should be poss ib le  t o  manufacture the  type and degree of 
orthotropy desired.  
I n  
This would be extremely advantageous inasmuch as 
i t  would permit anyone t o  independently manufacture o r  obtain a material 
with the  s a m e  or thot ropic  proper t ies  thus allowing b e t t e r  comparison 
af da ta  from a wide v a r i e t y  of sources. 
- 
Thickness Measurements i n  Yielded Regions 
The o r i g i n a l  i n t e n t  of t he  author was t o  measure thickness 
changes and isochromatic f r i n g e s  orders  i n  t h e  Dugdale type y i e ld  zone 
which precedes a crack as out l ined  and suggested i n  reference [ 4 3 .  
Et was hoped t o  make these measurements i n  situ. 
/ 
- 
However, after several. 
attempts i t  was r ea l i zed  that such measurements faz s i t u  represented a 
much too formidable task,  Consequently, tensile specimens w e r e  stressed 
beyand the y i e l d  po in t  unti l .  a f i n i t e  yield zone was deve lqed .  Once 
tlm y ie ld  zme w a s  fuIly developed acxoss the width of t h e  tensile 
spec%aen, a11 external b a d  was removed. 
tkL.cknes3 changes a d  bochromatic  f rhges  remained in the yieM zone 
as shown i n  E G U R E  I, Thick~zess changes and the f s o c h r a a t i c  f r i n g e s  
o~ders were measured along t e n  wxtical  l i n e s  across t h e  y i e l d  &oats. 
A t yp ica l  comparison of the r e s u l t s  &ong one of  these  Lines is shown 
in EIGUIZE 2. 
ELermanent dispLacments 
., 
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PlGWRE 2 
Variation of Thickness Change and Isachromatic Fringe Order 
Across Yield Zone as Indicated in FIGURE 1. 
r 
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Although 
q u a n t i t a t i v e l y  i t  
between thickness 
q u a l i t a t i v e  agreement in a l l  cases w e r e  excellent, 
w a s  no t  poss ib l e  t o  determine t h e  exact r e l a t i o n s h i p  
: *  
change and isochromatic f r i n g e  order  i n  the  p l a s t i c  
zone. Meverthcdess, t h e  author does f e e l  t h a t  q u a l i t a t i v e l y ,  a t  least ,  
t he  hypothesis on photoplas t ic i3y  proposed i n  r e fe rence  E41 is indeed 
cor rec t .  Eolography has been used and is cu r ren t ly  being used t o  ge t  
a second independent v e r i f i c a t i o n  of t h e  q u a t i t a t i v e  r e l a t i o n s h i p  bekqeen 
thickness change and isochromatics i n  t h e  p l a s t i c  zone. 
w i l l  be d e t a i l e d  i n  a later r epor t .  
These r e s u l t s  
Summary of Analy t ica l  Results 
The stress funct ions ,  stresses, and displacements have been 
a sce r t a ined  f o r  t h e  an i so t rop ic  Dugdale Model. 
case 171, i t  is  poss ib l e  t o  show t h a t  t h e  r e s u l t s  de fe r  from t h e  
As i n  the o r tho t rop ic  
f a o t r o p i c  case only by a constant amount which depends on t h e  an i so t rop ic  
p rope r t i e s  of t h e  material. These r e s u l t s  - can be ind ica ted  mathematically, 
where fiQ and f i  r e f e r  t o  the an i so t rop ic  func t ion  and i s o t r o p i c  func t ion  
r e s p e c t i v d y  and &&Ik refers t o  the an i so t rop ic  p rope r t i e s ,  
& stress d o n g  the l i n e  of the crack (y=@ is found t o  be 
For example, 
where the fern Zn b racke t s  r ep resen t s  t h e  rmisatrapic p r o p e r e e s ,  the 
remdning  terms r ep resen t  the i s o t r o p i c  salution t o  t h e  Dugdale Eodel, , 
E is the yield stress of the material, znd w i t h 3  being. 
the half crack l eng th  a n d a b e i n g  the  sum of h a l f  le-ngth of the crack 
and p l a s t i c  zone length. 
case is  shown pxotted i n  FIGURE 3. 
This r e s u l t  specfa1ized t o  the  o r tho t rop ic  
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More de ta i l ed  r e s u l t s  of t h i s  an iso t ropic  so lu t ion  w i l l  be  
/ : -  
reported a t  a l a t e r  t i m e .  
CONCLUSIONS 
The foregoing remarks represent  a b r i e f  summary of the  work 
t o  da t e  on NASA Grant NGR-47-004-051 and are not meant t o  be fnc lus ive  
or unclusive. Resul ts  of both the  experimental and ana ly t i ca l  phases 
are continuing. Port ions of both are expected t o  be submitted f o r  
publ icat ion i n  technica l  journa ls  shor t ly .  
. 
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